In the course of 1,1-carboborations, the activation of polar BR 3 (R = alkyl. aryl, C 6 F 5 
Introduction
The trigonal-planar surrounded boron atom in boranes is an electrophilic centre, and therefore, major aspects of the chemistry of boranes deal with Lewis-acid-base interactions (Yamamoto, 1999) , by which the electron deficiency of the boron atom is compensated to some extent. The Lewis-acid strength of boranes depends on the electronegativity of the substituents (e.g. in boron halides), their ability to become engaged in (pp) interactions (e.g. with the lone pair of electrons at nitrogen in aminoboranes), and also on steric requirements (e.g. bulky organyl groups R in BR 3 ). Thus, for a given Lewisbase, one encounters a continuum of strong or weak interactions with boranes. Focusing on triorganoboranes BR 3, many of these boranes can be classified as "soft" electrophiles, except of the perfluorinated species, such as B(C 6 F 5 ) 3 . (Piers Chivers, 1997; Erker, 2012, Hansmann et al., 2014) .
It is well known that apparently weak interactions may be the origin of unexpected reactivity. In the context with boranes, frustrated Lewis-pairs (FLP chemistry) are particularly noteworthy (Stephan, 2008; Stephan, 2009; Stephan and Erker, 2010; Stephan and Erker, 2014; Kehr et al., 2013) . Owing to the polarity of Si-C or Sn-C bonds in organosilanes or -stannanes, enhanced in the case of alkynyl carbon atoms in alkynylsilanes and -stannanes, the carbon atom next to Si or Sn can be regarded as a weakly nucleophilic centre. This centre is ready to interact with the electron deficient boron in BR 3 , either intermolecularly or intra-molecularly (Wrackmeyer, 1995a; Wrackmeyer, 2006) (Figure 1 ).
Figure 1. Activation of polar metal-carbon bonds by electrophilic triorganoboranes
Inter-molecular activation of the M-C bond Intra-molecular activation of the M-C bond M = Si, Ge, Sn, Pb Clearly, activation of the Si-C bond will be less favourable than that of the Sn-C bond, and the inter-molecular process is energetically more demanding when compared with the intra-molecular one. The B
... C interactions may either be too weak for any further reaction to take place or the system will find another energetical minimum, which usually involves reversible or irreversible rearrangement(s).
A large variety of alkynylsilanes and -stannanes is readily available following literature procedures (Davidsohn and Henry, 1967; Brandsma, 1988) , and the same is true for triorganoboranes (Brown, 1975; Köster, 1984; Pelter, 1988) . Here, the principles of 1,1-carboboration will be shown for monoalkynyl metal compounds. Applications and the mechanism of 1,1-carboboration of dialkynyl derivatives are demonstrated, and this is extended to Si-and Sn-tetralkynyl derivatives. Finally, the combination of well known 1,2-hydroboration (Brown, 1975; Matteson, 1995) and novel 1,1-carboboration are introduced (Wrackmeyer et al., 2003a; Wrackmeyer et al., 2005; Wrackmeyer et al., 2008b; Kehr and Erker, 2012; Khan et al., 2008; Khan et al., 2009b; , offering most attractive routes to new silaheterocycles.
Results and Discussion

1,1-Organoboration of Monoalkynylsilanes and -stannaes
Scheme 1 shows the principles of 1,1-organoboration reactions of alkynylmetal compounds. The weak interaction in the beginning becomes stronger, leads to cleavage of the M-C bond, formation of a zwitterionic intermediate, followed by shift of one organyl group from boron to carbon. The metal fragment migrates from one alknyl carbon atom to the other, and finally, the metal fragment and the boryl group end up in cis positions at the C=C bond. In most cases this is a stereo selective and quantitative reaction (Wrackmeyer, 1995a; Wrackmeyer, 2006) . In the case of M = Sn, the reactions are complete after warming the reaction mixtures to room temperature. By contrast, for M = Si, it is necessary to heat the mixtures at 100-120 °C for several hours or even days (Wrackmeyer et al., 2008a These organometallic-substituted alkenes are attractive for numerous transformations, not discussed here. In Scheme 2, the various reactive sites are indicated by arrows, and some of the relevant chemistry has already been studied (Wrackmeyer, 1987; Köster et al., 1989; Wrackmeyer and Wagner, 1989; Wrackmeyer and Horchler, 1990; Wrackmeyer and Wagner, 1991; Wrackmeyer et al., 1993a The reversibility of 1,1-organoboration, indicated in Scheme 1, becomes readily apparent by warming the alkene shown in Scheme 2 (R 1 = SnMe 3 ) slightly above room temperature. Triethylborane is eliminated, and the bis (trimethylstannyl)ethyne form reacts immediately with the alkene by 1,1-carboboration, transferring the alkenyl group (1,1-vinylboration) . This leads to a short-lived buta-1,3-diene which gives quantitatively the allene by irreversible allylic rearrangement (Scheme 3). Such an unprecedented straightforward allene synthesis can be carried out with many boryl substituted alkenes and bis(trimethylstannyl)ethyne (Wrackmeyer and Zentgraf, 1978; Wrackmeyer and Bihlmayer, 1981; Wrackmeyer et al., 1996a; Wrackmeyer et al., 2003b) 
1,1-Organoboration of Dialkynylsilanes, -stannanes: Siloles, Stannoles and 1-Stanna-4-bora-cyclohexa-2,5-dienes
Dialkynylsilanes react slowly with triethylborane after several hours at 100 °C to give siloles selectively (Köster et al., 1993a; Wrackmeyer et al., 1993c) , Using the much stronger Lewis acid, B(C 6 F 5 ) 3 , the reaction proceeds under milder conditions, also affording siloles (Dierker et al., 2009; Ugolotti et al., 2010 ) (Scheme 4). Since intermediates were not detected, the mechanism was just assumed to be similar as for monoalkynylmetal compounds, now involving two steps of 1,1-carboboration. The siloles with R 1 = H (Scheme 4) are not stable at ambient temperature. They undergo fast [4+2] cycloadditions to give 7-silanorbornadiene and 7-silanorbornene derivatives (Wrackmeyer and Süß, 2002) . In any case, this is a highly convenient silole synthesis (Wrackmeyer, 2006, Wrackmeyer and Tok, 2008; Khan et al., 2009a; Khan et al., 2009b; Khan et al., 2009c) . Dialkynylstannanes react with all triorganoboranes already below room temperature. It was found that diethynylstannanes always give stannoles, when treated with trialkylboranes. This was observed in the first studies of this type (Scheme 5) (Killian and Wrackmeyer, 1977) and also later on, using 9-alykl-9-borabicyclo[3.3.1]nonanes (Wrackmeyer et al., 1996b) and various other organyl groups at tin (Wrackmeyer et al., 2013) . The unambiguous identification of the stannole structure in solution is based on NMR spectroscopy, in particular on 13 C NMR (Figure 2 ). The diene system gives rise to four different 13 C NMR signals, one broad (C-3) owing to partially relaxed scalar 13 C-11 B spin-spin coupling ( 11 B: I = 3/2), and three sharp, accompanied by satellites due to one-bond (C-2, C-5) and two-bond (C-4) 117/119 C spinspin coupling. (Wrackmeyer et al., 2013 Interestingly, diethynylstannanes react with the strongly electrophilic B(C 6 F 5 ) 3 to afford exclusively the 1-stanna-4-bora-cyclohexa-2,5-diene derivative (Wrackmeyer et al., 2013) . The results of the X-ray structural analysis are shown in Figure 3 . The six-membered ring is almost planar, with both tin and boron shifted slightly out of the plane formed by the four carbon atoms.
Scheme 4. Twofold 1,1-organoboration of dialkynylsilanes affords selectively siloles
Figure 3. Molecular structure of a 1-stanna-bora-cyclohexa-2,5-diene derivative (hydrogen atoms have been omitted for clarity).
On the right, the "twisted-boat" conformation of the central ring can be seen (Wrackmeyer et al., 2013) . Selected bond lengths (pm) and angles (°): , , , , , B1-C2-C1 126.5(4) , B1-C10-C9 124.9(4), C2-B1-C10 127.0(4), C2-B1-C22 115.6(4), C10-B1-C22 117.3(4), C3-C2-B1 116.5 (4), C11-C10-B1 118.9(4), C3-C2-C1 117.0(4), C11-C10-C9 117.0(4) The whole situation becomes less predictable with substituents R 1 other than H at the CC bond. Thus, for R 1 = Me, the 1,1-ethylboration does not give the stannole in appreciable quantity. Instead, the 1-stanna-4-bora-cyclohea-2,5-diene (Scheme 5) was obtained along with a stannolene, and with triisopropylborane, B i Pr 3 , the six-membered ring is formed selectively (Killian and Wrackmeyer 1978) . With R 1 = n Bu, again the six-membered ring is formed together with the stannole, whereas with R 1 = t Bu, Ph only stannoles are formed.
As for siloles (Scheme 4), reactions of bis(trimethylsilylethynyl)stannanes with many different triorganylboranes, BR 3 (R = alkyl, Ph, and C 6 F 5 ) give exclusively stannoles (Wrackmeyer et al., 2003c; Wrackmeyer et al., 2014a The search for intermediates to explain the formation of stannoles or 1-stanna-4-bora-cyclohea-2,5-dienes started as early as 1977 and took several years until a zwitterionic lead derivative could be isolated at low temperature and characterised structurally ). Then, it proved possible to crystallise various zwitterionic tin derivatives (Figure 4) , all supporting the mechanistic proposals Wrackmeyer et al., 1994; Wrackmeyer et al., 2013; Wrackmeyer et al., 2014a) . In all cases, the sum of bond angles at tin, counting the three -bonded substituents, approaches 360°, indicating the cationic character of the almost trigonal planar surrounded tin atoms, stabilised by side-on coordination to the respective CC bond of an alkynylborate unit. The surroundings of the boron atoms are tetrahedral as in borates, and this is also confirmed by typical 11 B NMR chemical shifts. (Wrackmeyer et al., 1994) (Wrackmeyer et al., 2014a) (Wrackmeyer et al., 2013 ) 
(D)
The direct structural evidence obtained so far and all consistent NMR spectroscopic data for both the solid state and solutions enable to propose a mechanism for the 1,1-carboboration of dialkynylmetal compounds, as outlined in Scheme 6. The reaction starts with inter-molecular activation of one of the M-C bonds and 1,1-carboboration. Then, the second M-C bond becomes activated, intra-molecularly, due to the favourable stereochemistry. The alkynyl group migrates from the metal to boron, leaving a cationic metal fragment and a borate unit in the zwitterionic intermediate. The final rearrangement affords either the metallole (1.1-vinylboration) or the 1-metalla-4-bora-cyclohexa-2,5-diene (transfer of R). Kinetic and electronic effects, together with steric repulsion, decide which product is preferred. Fortunately, mixtures are rarely obtained, and both types of products are extremely attractive for further chemistry (e.g. Wrackmeyer et al., 1995b; Wrackmeyer and Klaus, 1996; Wrackmeyer et al., 2009 ).
Scheme 6. Mechanism of the twofold 1,1-carboboration of dialkynylmetal compounds. The most important zwitterionic intermediate is highlighted
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1,1-Organoboration of Tetraalkynylsilanes, -stannanes: 1,1'-Spirobisiloles, and 1,1'-Spirobistannoles
Following the protocol for the synthesis of siloles (Scheme 4), treatment of tetraalkynylsilanes with triethylborane in boiling toluene for prolonged periods of time gives 1,1'-spirobisiloles, which can be readily protodeborylated, using acetic acid (Scheme 7). As shown above for the tetra-1-propynylsilane, the diene systems of the protodeborylated derivatives act as ligands towards Fe(CO) 3 fragments, leading to a mixture of crystalline diastereomers, one of which could be purified and studied by X-ray crystallography (Köster et al., 1993b) .
Scheme 7. Fourfold 1,1-carboboration of tetra-1-propynylsilane, protodeborylation of the 1,1'-spirobislole and complexation with Fe(CO) 3
Since the stannanes are much more reactive than silanes, the stepwise 1,1-organoboration of tetraalkynylstannanes can be easily monitored by NMR spectroscopic methods. In favourable cases, intermediates can be isolated prior to the formation of the final products, and the zwitterionic species, in which the tin atom bears formally two positive charges, is of particular interest Wrackmeyer et al., 1992a; Wrackmeyer, 1992b 
Combination of 1,2-Hydroboration with Intra-molecular 1,1-Organoboration of Alkynyl(vinyl)silanes
The harsh reaction conditions usually required to enforce inter-molecular 1,1-carboboration of alkynylsilanes hamper a more widespread application of this method. However, intra-molecular 1,1-carboboration may proceed much more smoothly. Therefore, the diorganoboryl group BR 2 has to be introduced into the respective silane before 1,1-carboboration is taking place. This goal can be achieved by conventional well known 1,2-hydroboration (Brown, 1975) , An Si-CC-R 1 function may already be present, waiting for the intra-molecular Si-C activation, followed by 1,1-carboboration. The principles are shown in Scheme 9 for ethynyl(dimethyl)vinylsilane. The hydroborating reagent 9-borabicyclo[3.3.1]nonane, 9-BBN, (Lane and Brown, 1971; Brown et al., 1974, Köster and Griaznov, 1961) reacts selectively with the vinyl group, placing the boryl unit at the terminal carbon atom (Brown, 1975) . The stereochemistry is favourable for intra-molecular Si-C bond activation, and 1,1-carboboration leads to the 1-silacyclopent-2-ene derivative (Wrackmeyer et al., 2014b) in agreement with theoretical calculations (Xia et al., 2008) .
Scheme 9. Principles of combining 1,2-hydroboration and intra-molecular 1,1-carboboration (Wrackmeyer et al., 2005; Wrackmeyer et al., 2014b) The vinyl group can be separated from Si by a CH 2 or a SiMe 2 unit, to give 1-silacyclohexenes or 1,2-disilacyclohexenes in the end. Moreover, the hydrogen atom of the ethynyl group can be replaced by many other substituents, including silyl groups. If an alkynylsilyl group is used, further intra-molecular 1,1-carboboration affords a silole derivative (Scheme 10) (Wrackmeyer et al., 2010 , Wrackmeyer et al., 2014b . The 13 C NMR spectrum of such a silole is shown ( Figure 5) (Wrackmeyer et al., 2010) By increasing the number of CC bonds, separated by SiMe 2 units, the way opens to condensed siloles (Schemes 11, 12) (Wrackmeyer et al., 2010; Wrackmeyeret al., 2014b (Wrackmeyer et al., 2010; Wrackmeyer et al., 2014b) (Tok et al., 2012 The monitoring of these multi-step reactions is important in order to isolate products of reasonable purity. For this purpose, 29 Si NMR spectroscopy is the method of choice (Figure 6) (Tok et al., 2012 
Conclusions
1,1-Carboboration of monoalkynylsilanes and -stannanes using triorganoboranes, BR 3 , proved to be a versatile method to obtain a large variety of organometallic-substituted alkenes. Dialkynylsilanes can be converted into siloles, whereas dialkynylstannaes afford either stannoles or 1-stanna-4-boracyclohexa-2,5-dienes, depending on substituents at boron and carbon. The mechanism of 1,1-carboboration has been firmly established by the isolation and structural characterization of zwitterionic intermediates. The extension of these 1,1-carboboration reactions towards tetralkynylsilanes and -stannanes gave 1,1'-spirobisiloles and 1,1'-spirobistannoles. Further progress has been made by developing the combination of 1,2-hydroboration and intra-molecular 1,1-carboboration. This reaction sequence introduces a diorganoboryl group into the respective silane under mild conditions, to initiate intra-molecular 1,1-carboboration of an Si-CC-R 1 unit. Depending on the staring silanes, a huge variety of silaheterocyles became available, shown here by the synthesis of condensed polycyclic siloles, not available by any other known method. It was shown that multinuclear magnetic resonance methods ( 1 H, 11 B, 13 C, 29 Si. and 119 Sn NMR spectroscopy) together with quantum-chemical analyses were perfectly suitable to assign the solution-state structures, which were found to be in agreement with results from X-ray structural analyses.
